A series of homoleptic Ru II complexes including the tris-bidentate complexes of a new bidentate ligand 8-(1-pyrazol)-quinoline (Q1Pz) and bidentate 8-(3-pyrazol)-quinoline (Q3PzH), as well as the bis-tridentate complex of bis(quinolinyl)-1,3-pyrazole (DQPz) was studied. Together these complexes explore the orientation of the pyrazole relative to the quinoline. By examining the complexes structurally, photophysically, photochemically, electrochemically, and computationally by DFT and TD-DFT, it is shown that the pyrazole orientation has a significant influence on key properties. In particular, its orientation has noticeable effects on oxidation and reduction potentials, photostability and proton sensitivity, indicating
Introduction
Ruthenium polypyridine complexes have attracted much attention as sensors or probes in biology, [1] [2] [3] as catalysts and sensitizers in photochemical applications, [4] [5] [6] [7] [8] [9] [10] [11] and as interesting model complexes in theoretical chemistry. [12] [13] [14] [15] The specific functions or properties of a complex can typically be understood in terms of electronic and steric factors. 16, 17 , (bpy is 2,2′-bipyridine and tpy is 2,2′:6′,2″-terpyridine) and their derivatives. 12, [16] [17] [18] [19] In comparison, Ru-complexes with other polyheteroaromatic ligands have received less attention, despite the fact that incorporation of non-pyridine type polyheteroaromatic ligands can substantially affect both structural and electronic properties of the complex. 11, 20, 21 One way of forming such polyheteroaromatic ligands is by the combinations of quinoline (Q) and pyridine (Py). Different orientations of the two subunits with respect to each other can yield both 8-( pyridine-2′-yl)quinoline (8-QPy) and 2-( pyridine-2′-yl)quinoline (2-QPy), 22 which upon coordination to Ru II form 6-or 5-membered chelates, respectively, Chart ) results in very short lived excited state and low emission quantum yields. 22 When coordinating unsymmetric ligands to form heteroleptic complexes diastereomers can be formed, which may display significantly varying properties. Reports of cis/trans-isomers of heteroleptic transition metal complexes are abundant in the literature, 16, 24 commonly achieved by combining mono-and bidentate ligand motifs. However, reports of meridional/facialhomoleptic complexes with unsymmetrical ligands are less common. Notably, Metherell et al. has presented the X-ray structures of mer-and fac-isomers of a series of homoleptic Ru complexes with substituted 2-pyrazolyl-pyridine (PyPz) ligands, showing that mer-and fac-isomers of [Ru(PyPzH) 3 ] 2+ display different hydrogen bonding capability. 25 Furthermore Tamayo et al. have reported 6 homoleptic iridium complexes with substituted 2-phenylpyridyl and 1-phenylpyrazolyl ligands where the oxidation of fac-isomers are shifted positively 50-100 mV compared to the mer-counterparts, and the isomers have substantially different photophysical properties. 26 Dabb and Fletcher conclude, in a recent review of a large number of diimine complexes, that differences in electronic spectra between mer-and fac-isomers occur mainly when the difference in the diimine donors are substantial. 27 These studies highlight the need to establish a detailed understanding of structure-function relationships in transition metal complexes with biheteroaromatic ligands, allowing for design of well-tailored complexes for specific applications. To this end, a combination of experimental and theoretical efforts can help to establish design-parameters and further understanding of the intricate interplay between complex parameters and properties. With a ligand similar to 8-QPy, wherein Py has been replaced with the smaller pyrazolyl (PzH) motif to form 8-(3-pyrazol)-quinoline (Q3PzH), Chart 1, we were recently able to decrease the steric hindrance, allowing for formation of homoleptic tris-bidentate complexes, [Ru(Q3PzH) 3 (DQPz is bis(quinolinyl)-1,3-pyrazole, Chart 1) which displays room temperature diastereomerization between two meridional isomers. 29 The DQPz ligand is essentially a superposition of the Q1Pz and Q3PzH ligands, but with a higher relative number of quinolines. The complete pyrazole orientation series Q3PzH, Q1Pz, and DQPz, allows us to probe pyrazole orientation effects, as well as effects related to different quinoline-pyrazole ratios, on properties such as electronic absorption, electrochemical potentials and photostability by experimental and computational means. Tables 1 and 2 , respectively (additional isomers in Table S1 †) . R Pz , R Q , and R tot are the average Ru-N( pyrazole), Ru-N(quinoline), and overall 
Results and discussion

Electronic properties
The electronic structure of all three complexes was studied by computational and experimental means. The combination of ground state electronic structure, the redox reactivity of the complexes, and absorption spectra, gives ample information of the influence of pyrazole orientation on electronic properties. In particular, the oxidation and reduction potentials of the complexes are of critical importance to their use in catalysis. 2 28 was previously reported to occur at +570 mV. It is typically assumed that, for Ru-polypyridyl complexes, it can be safely assumed that oxidation removes an electron from the metal dominated (HOMO) while the reduction is equivalent to reducing a ligand (LUMO). 16 Thus, the potentials can be theoretically estimated using the free energies of the oxidized and ground state minima (Table 3) . While the calculations provide formal potentials, and CV measurements provides the half-wave potential, one would not expect a complete agreement between calculated and measured potentials. The calculated oxidation potentials for both tris-bidentate complexes and the mean value of the two bis-tridentate isomers, +0.614 V, agree with the experimental values, although consistently negatively shifted ∼40 mV. The ∼120 mV difference between the mer-[Ru (Q3PzH) Fig. 3 . All of the complexes display a broad MLCT absorption in the visible and stronger absorption bands in the UV region, effectively reproduced by TD-DFT in shape and intensity (Fig. 3 , Table 3 and details in ESI †). The absorption feature between 280-370 nm, typical for Ru-Pz motifs, 28 is present in all three complexes. All complexes also exhibit ligand centered π-π*-transitions at 243-244 nm, consistent with the absorption spectra of the free ligands, which all displayed two absorption bands with λ max between 235-245 and 305-330 nm respectively (Fig. S7 †) The pyrazole orientation not only affects the geometric structure of the resulting complexes but also the electronic structure. Although, the ground state electronic structures of all complexes are very similar with Ru t 2g HOMOs and quinoline centered LUMOs, the oxidation and reduction potentials as well as the absorption spectra vary between mer-[Ru(Q3PzH) 3 can provide an environmental handle. 25 This possibility was investigated here by UV-Vis spectroscopy and TD-DFT. The calculated absorption spectra of once, twice and three times deprotonated mer-[Ru(Q3PzH) 3 ] 2+ revealed consecutive redshifts of MLCT-band maxima for each removed hydrogen (Fig. 4) by, on average, 0.14, 0.38 and 0.55 eV respectively compared to the fully protonated complex. The negative deprotonated ligand causes destabilization of the metal HOMO, which in turn leads to lower energy HOMO-LUMO transitions manifested in the red-shifted absorption. As previously reported, each ligand in mer-[Ru(Q3PzH) 3 ] 2+ adopts a different geometry, with significantly different ligand twists ranging from almost 0°to 20°. 28 Hence, deprotonation of each unique ligand, with the same total number of deprotonations, affects the absorption profile differently, Fig. 4 . UV-Vis spectra recorded upon titration of NaOH to mer-[Ru(Q3PzH) 3 ] 2+ in acetonitrile, Fig. 4 , and aqueous solution (Fig. S8 †) confirm the predicted redshift of the MLCT-band upon deprotonation. In acetonitrile, isosbestic points on the blue and red side of the MLCT-band were maintained up to 3 equivalences of base, suggesting complete deprotonation of one ligand in the complex. In the aqueous titration, the complex was fully protonated up to pH 6.38, and singly deprotonated at pH 9.46. Further addition of base caused a larger red-shift, but the second and third deprotonations could not be conclusively discerned in either acetonitrile or aqueous solution. In acetonitrile, consecutively recorded 1 H-NMR spectra revealed a time dependent process at >3 equivalents of base in the dark, causing broadening of all the resonances and attempts to structurally elucidate the product(s) of this process were inconclusive (Fig. S9 †) . In aqueous solution, the second and third deprotonations occurred at similar pH (Fig. S8 †) 
Photochemical reactivity
As the mer-complexes of both Q3PzH and Q1Pz are separable from the mer/fac-mixture via light-induced decomposition of the fac-isomer, we also investigated the response to light of all the three isolated mer-isomers. The effects of broad-band visible irradiation was followed by UV-Vis absorption, electrospray ionization high resolution mass spectrometry (ESI-HRMS), and 1 H-NMR. The bis-tridentate mer-
2+ displayed no signs of degradation or transformation when irradiated with a Xe-arc lamp in neat acetonitrile or in acetonitrile with added triflic acid (TfOH), showing only minute changes in UV-Vis spectra even beyond 10 6 excitation cycles, Fig. 5 . ESI-HRMS revealed that even after irradiation in presence of 20 equiv. TfOH, the only detectable species is the parent molecular 2+ ion, suggesting no ligand dissociation or fragmentation occurs (Table S2 †). 1 H-NMR revealed very broad resonances following irradiation, precluding any detailed structural analysis (Fig. S10 †) . In contrast, both tris-bidentate complexes displayed an overall decrease in absorption under irradiation in neat acetonitrile, especially at the red end of the MLCT-band (Fig. S11 †) . Notably, mer-[Ru(Q1Pz) 3 ] 2+ displayed somewhat larger and more rapid changes per excitation cycles Excess acid makes the observed dissociation clean and irreversible as the dissociated ligands are stabilized through protonation. However, addition of triflic acid did not appreciably speed up the ligand dissociation processes, as observed from the normalized decrease in absorption at λ max as a function of absorbed photons (Fig. S12 †) . This decrease indicates partial ligand photo-dissociation, followed by protonation of the noncoordinated heterocycle to block re-chelation.
As seen in UV-Vis, 1 unaffected over the experiment timeframe. It is logical that the bis-tridentate complex exhibits less ligand loss than the trisbidentate ones in absence of acid due to expected re-chelation dynamics. However the extremely low ligand loss is either due to a hindered initial step of partial ligand dissociation, not allowing protonation of the dissociated ligand, or that the partially ejected and protonated ligand is quickly deprotonated and re-chelated. The lack of photoinduced ligand loss in mer-
2+ is interesting in the context of the recently reported room temperature diastereomerization between the C-R a and C-S a isomers. 29 The diastereomerization was proposed to proceed through a mechanism that did not include any bond-breaking steps, which is corroborated by these results as no signs of appreciable degradation is observed after extended irradiation, suggesting a dynamic yet photo-stable complex.
Comparing the series: effect of pyrazole orientation
Altering the orientation of the pyrazole yields complexes with different electrochemical and photochemical properties. While all complexes displayed similar electronic structure, with largely quinoline localized LUMO's and Ru localized HOMO's, they display different absorption spectra and, especially, oxi- dation and reduction potentials. Depending on the pyrazole orientation, the bidentate ligands can be proton donors or protolytically inactive, dramatically influencing the sensitivities of the complexes to their environment, such as pH or possibility for hydrogen bonding. With triflic acid present, the partially dissociated ligands were protonated, precluding re-chelation and resulting in irreversible, and eventually complete, ligand dissociation; determining the partial ligand dissociation to be the initial step.
Conclusions
Three homoleptic ruthenium complexes with unsymmetric quinoline-pyrazole ligands, Q3PzH, Q1Pz and DQPz, have been evaluated experimentally and theoretically. The two bidentate ligands differ in their orientation of the pyrazole subunit in relation to the quinoline, while the tridentate ligand is a superposition of the two. It is evident that the orientation of the pyrazole unit in relation to the quinoline results in significantly different properties in the homoleptic complexes, affecting both the geometric and electronic structure, influencing the electro-and photochemistry. This difference highlights the importance of understanding the delicate structure-function relationship in ligand and complex design, important in several major fields such as catalysis, sensing, and supramolecular assemblies and for photochemical applications. Furthermore, the non-degenerate 
Experimental section
Synthesis
All chemicals were purchased from Sigma-Aldrich and used as received. Anhydrous solvents were used fresh or dried further over 4 Å molecular sieves activated at 250°C. Solvents were, if necessary, degassed by bubbling N 2 -gas through them for >30 min. The silica used for flash chromatography was 230-400 mesh (Sigma-Aldrich 4 Cl 2 were suspended in 1.0 mL of ethylene glycol. The vial was wrapped in foil to protect from light and was heated at 195°C in an oil bath, with regular shaking. After 7 min of heating the vial was cooled in a water bath, and 1.0 mL of methanol was added followed by 0.35 mL 1.0 M NaPF 6 (aq). A red solid formed which was filtered and washed quickly with 3 × 0.5 mL cold methanol. The solid was dried under vacuum in the dark overnight yielding 56 mg of a red powder.
To extract the pure mer-isomer from the mer : fac mixture, 44.0 mg of the crude product was dissolved in 1.0 mL acetonitrile and was irradiated for 3 h using a cold light source (Leica, model CLS 150 XE) at power 4/6 at a distance of about 5 cm. Methanol was added dropwise until a precipitate started forming, until no further precipitate formed, at which time the solution was filtered. The solid was washed with 3 × 0.5 mL of a mixture of methanol/water 1 : 2 and then dried under vacuum to yield 22.5 mg (51%) of a red powder. a complete polarizable continuum model (PCM) solvent description for acetonitrile and the spin-restricted singlet formalism. All calculations were run with a total charge on the complex based on the protonation state of the ligands, all fully protonated ligands are neutral, and no symmetry constraints were applied, allowing for possible Jahn-Teller effects. All fully relaxed minima were verified using vibrations calculated at the same level of theory following geometry optimizations. TD-DFT calculations were performed at the same level of theory from the ground state optimized structure to obtain the calculated absorption spectra with a half-width/half-height of 0.25 eV. The free energies of organometallic species were calculated using G 298K = E elec + G solv. + ZPE + H vib + nKT/2 + T (S elec + S vib ) where G solv is the free energy of solvation, ZPE is the zero point energy correction, S vib and S elec are the vibrational and electronic entropies, and n = 12 accounts for the potential and kinetic energies of the translational and rotational modes. Frequency calculations were conducted using the same functional as the optimizations with a triple-ζ standard Gaussian type orbital (GTO) basis set, 6-311G*, and the SDD Stuttgart/ Dresden ECP for Ru.
Absorption spectroscopy
UV-visible molar absorptivities were determined by linear regression on a concentration series of 10 dilute samples (5.0-50 μM) in neat spectrophotometric grade acetonitrile (Sigma-Aldrich, >99.5%) on a Varian Cary 5000 UV-vis-NIR spectrophotometer between 800-200 nm. The first and second pKa of mer-[Ru(Q3PzH) 3 ] 2+ were estimated by measuring UV-Vis spectra coupled to pH-monitoring during base-titrations. Spectra were recorded on a Varian Cary Bio 50 spectrophotometer, and pH was initially set by addition of hydrochloric acid to mer-[Ru(Q3PzH) 3 ] 2+ dissolved in milli-Q filtered water followed by NaOH titration. The relative concentrations of the different protonation states were extracted via Lambert-Beer's law by localizing isosbestic points between the different protonation states (at 468 nm and 529 nm for the first and second deprotonation respectively). Molar absorptivities was taken at pH 3.5 and pH 11.45 for the fully protonated and twice deprotonated forms respectively.
Electrochemistry
Cyclic voltammetry was carried out in argon-purged (>10 min) acetonitrile with 0.10 M TBAPF 6 (Sigma-Aldrich) in a conventional three electrode setup, with a platinum disk working electrode, a rod-shaped glassy carbon auxiliary electrode and a salt-bridged (acetonitrile/0.1 M TBAPF 6 ) SCE reference electrode. A scan speed of 0.1 V s −1 was used. Irreversible reductions were evaluated by differential pulse voltammetry. Subsequent to measurement, ferrocene was added as an internal standard, and the Fc 0/+ couple appeared at +417.5 mV with a peak-to-peak separation of 114 mV. The differential pulse voltammetry for the reductions were collected using pulse width 60 ms, pulse period 200 ms, pulse amplitude 50 mV and sampling width 20 ms.
Photolysis experiments
The stability of the complexes under light exposure was studied by UV/vis and 1 H-NMR. UV-Vis light stability measurements were performed in neat acetonitrile with and without 10 equivalents of triflic acid, and were carried out on a Varian Cary Bio 50 spectrophotometer. Broad band visible illumination was achieved by employing two IR-filters in front of a 150 W Xe arc lamp, yielding an irradiation spectrum between 390-750 nm, with a minor contribution from 320-350 nm. The intensity of the resulting spectrum was measured to 400 mW cm −2 with a thermocoupled power meter (407A, Spectra Physics), and the number of absorbed photons at any given time was integrated from the fractional absorption spectra times the irradiance spectrum with respect to time. Note that the number of absorbed photons is calculated for all species in the sample, apart from the solvent, not only the parental complexes.
For the NMR experiments a 2.5 mM solution of the complex was prepared in CD 3 CN. An excess of triflic acid was added, 10-20 equiv., where the larger excess was to make sure the large resonance of the triflic acid was shifted outside the region of the proton resonances of the complex. After collecting reference spectra the sample(s) were illuminated by a 250 W white light lamp (Luma) at a distance of 60 cm. Temperature was kept low by fixing the samples in a test tube on top of ice in a transparent container, both made of borosilicate glass.
Temperature remained 10-30°C during the experiment. Spectra were collected after 30, 60, 90 and 150 min; and sometimes for longer times.
